Topic collections
Articles on similar topics can be found in the following collections C hronic fatigue syndrome (CFS) has been a true challenge for practising physicians and scientific researchers. The constellation of symptoms is non-specific and can be caused by a variety of diseases. In the past two decades, case definitions have been developed to study the aetiology of this elusive illness, 1 and many studies have been performed to identify possible microbial trigger(s) and to understand the epidemiological, clinical, immunological, and neuropsychiatric aspects of this disorder. Recently, an international group of CFS researchers resolved the ambiguities of some of the defining criteria for the illness, provided objective assessment criteria for various symptoms, and standardised study methodology for future studies. 2 Exclusionary and co-morbid conditions were better defined. Although certain known chronic infections such as human immunodeficiency virus/AIDS, and hepatitis B or C were given as examples of exclusionary diagnoses for CFS, the new established criteria did not specifically address or exclude other potential infectious trigger(s) as cause(s) of this disorder.
''Our recent data suggest that chronic fatigue syndrome is a heterogeneous disease, and can have several potentially treatable infectious aetiologies, as reported previously''
A severe flu-like illness that occurred in most cases of CFS followed by persistent illness and fatigue suggests an infectious aetiology that triggers and possibly perpetuates this syndrome. In small subsets of patients, Epstein-Barr virus, cytomegalovirus, parvovirus B19, brucella, toxoplasma, Coxiella burnetti, and Chlamydia pneumoniae have been reported to cause prolonged fatigue, fevers, and many other symptoms of CFS. [3] [4] [5] [6] [7] [8] Other viruses have been investigated as the causative agents of CFS: human herpesvirus 6 (HHV-6), group B coxsackieviruses (CVB), human T cell leukaemia virus II-like virus, spumavirus, hepatitis C virus, human lentiviruses, and herpesvirus 7, although consistent and compelling supportive evidence is still lacking. Komaroff et al view CFS as an immunological disturbance that allows the reactivation of latent and persistent infectious agents, particularly viruses, in the host. 3 Levy believes that although no viral agents have been found consistently in patients with CFS, an infectious organism may be the cause of this condition and may continue to be present in the individual. 4 Our recent data suggest that CFS is a heterogeneous disease, and can have several potentially treatable infectious aetiologies, as reported previously. 9 
EVIDENCE FOR ENTEROVIRUS INFECTION IN CFS
The role of enteroviruses as the causative agents of CFS has been controversial. In one study, evidence of circulating enteroviral antigen and IgM complexes was found in most patients with CFS. 10 Landay et al found a high seroprevalence of CVB among patients with CFS. 11 However, Miller et al and others detected no differences between the IgM and IgG seroprevalence rates for these viruses between patients with CFS and controls. [12] [13] [14] [15] These studies used a variety of criteria to select patients with CFS and were carried out at different time points and in different locations. It is possible that different conclusions have been drawn because Coxsackievirus epidemiology varies with time and place. 16 Several investigators used DNA/RNA hybridisation or polymerase chain reaction (PCR) to detect the presence of enteroviral RNA in tissues of patients with CFS. [17] [18] [19] [20] [21] [22] Nairn et al found PCR superior to neutralising antibody for differentiating patients with CFS from controls. 17 Using PCR, Gow et al found enteroviral RNA sequences in 53% of muscle biopsy specimens taken from patients with CFS, which was significantly higher than those of normal controls. 19 A subsequent study by the same authors examining the presence of RNA in muscle biopsies taken from patients with CFS or controls with neuromuscular disorders detected enteroviral RNA in 26.4% of patients with CFS and 19.8% of controls. Therefore, they concluded that persistent enterovirus infection is unlikely to play a pathogenic role in CFS, although an effect on initiating the disease process could not be excluded. 20 Muscle biopsies also showed little evidence of necrosis or inflammation suggesting that the virus, if present, was at very low copy numbers, not enough to produce lytic infection or noticeable inflammation. However, patients with chronic neuromuscular diseases are not as active as normal people, and the highly sensitive albeit qualitative RNA PCR test could not compare the amounts of RNA in tissue specimens of the two groups. Mechanistically, the metabolic activity of infected muscle cells could be an important determinant of viral RNA replication and the ensuing immunological response causing post-exertion fatigue.
Youseff et al reported CVB RNA persistence in muscle fibres in six of 13 adult patients with dermatomyositis or polymyositis using in situ hybridisation. 21 The enteroviral RNA was usually, but not always, found in sections with inflammatory cells. Cunningham et al tested muscle biopsy specimens from patients with CFS and showed that the enteroviral RNA found in patient material had a positive to negative strain ratio of 1 : 1, rather than the 100 : 1 ratio found in control enteroviral cultures. 22 This result suggested a defect in control of enteroviral RNA synthesis in patients with CFS that might permit persistence of the defective virus in these patients. Galbraith et al extended the above finding by performing phylogenetic analysis of the amplified cDNA from the blood of patients; the sequences closely matched those found in CVB and echoviruses. 23 Several other studies have failed to demonstrate amplifiable enteroviral RNA in blood or in other tissue, 24 25 although two recent papers again demonstrated the presence of enteroviral RNA in muscle biopsies of patients with CFS and not in the controls. 26 27 The discrepancy between the various studies is not well explained, but could result from differences in specimen collection and RNA preservation, the time to processing of the biopsies or blood samples, the primers used, and the sensitivity of the assay.
IN VITRO VIRAL PERSISTENCE
In vitro observation has lent support for mechanisms of viral persistence. Lytic viruses can persist in vitro under conditions where only a small fraction of the total cells is infected at any one time. [28] [29] [30] CaCo-2 cells, an intestinal cell line, were shown to develop a persistent infection for up to 20 passages, as demonstrated by the detection of viral RNA and VP1 protein. 31 CVB can persistently infect endothelial cell cultures without producing overt cytopathic effects. Infected endothelial cells retained endothelial characteristics but infection upregulated expression of adhesion molecules and led to increased production of the proinflammatory cytokines, interleukin 6, interleukin 8, and tumour necrosis factor a. 32 Yin showed that certain strains of CVB4 can infect pancreatic islet cells without immediate cytotoxicity, and the gradual loss of islet cell function over months was not caused by virus induced changes in cell morphology, although virus-like particles were seen at higher magnification. 33 Brilot et al demonstrated persistent replication of CVB4 strains in thymic epithelial cell cultures by detection of positive and negative strand viral RNA in cell culture extracts, VP1 capsid protein detection by immunofluorescence staining, and release of infectious particles up to 30 days after infection without obvious cytolysis. 34 Furthermore, Feuer et al elegantly demonstrated in HeLa cells that cell cycle status determines the distribution of CVB3 during acute infection, and the persistence of CVB3 in vivo might rely on the infection of quiescent cells incapable of supporting viral replication. A subsequent change in the cell cycle status could lead to virus reactivation, triggering chronic viral and/or immune mediated pathology in the host. 35 Some enteroviruses are known to infect peripheral mononuclear cells, which often harbour various intracellular pathogens. 36 
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EVIDENCE OF CHRONIC ENTEROVIRUS INFECTION IN ANIMAL MODELS
The mouse model of viral myositis and myocarditis has shed much light on the pathogenesis of Coxsackie virus infection and provides a logical paradigm for patients with CFS. To cite just a few studies, Tam and Messner found persistence of CVB RNA, in a stable, double stranded form, made of equal amounts of plus and minus strands, but not culturable virion, in various tissues of mice for as long as one year after initial infection, similar to findings on thigh muscle biopsies in patients with CFS. 38 In a murine myocarditis model, Reetoo et al demonstrated a biphasic pattern of virus clearance. Initially, there was a rapid but incomplete clearance of viral RNA from the myocardium after the acute phase of virus replication, which paralleled the elimination of virus infectivity. Viral RNA persisted in the myocardium beyond the resolution of inflammation and was still detectable in a proportion of animals 90 days after infection. Clearance of viral RNA from other target organs occurred more rapidly, but the rate of clearance was largely independent of the amount of viral RNA present during the acute phase of infection. The authors concluded that, although antiviral immune responses effectively eliminated infectious virus, clearance of residual viral RNA from the myocardium and other target organs was significantly delayed, despite a prolonged inflammatory response. These findings suggest that the clearance of persistent enterovirus infection requires mechanisms different from those responsible for the elimination of virus infectivity. 39 In addition, Klingel et al showed in a murine model of enterovirus myocarditis that enterovirus is capable of inducing multiorgan disease. During acute infection, large amounts of viral RNA were visualised in the heart muscle, pancreas, spleen, and lymph nodes and in low amounts in the central nervous system, thymus, lung, and liver. At later stages of the disease, the presence of enteroviral RNA was found to be restricted to the myocardium, spleen, and lymph nodes. 40 Detection of the replicative minus strand RNA intermediate provided evidence for virus replication in lymphoid cells of the spleen, predominantly B cells, certain CD4+ helper T cells, and tissue macrophages.
RENEWED INTEREST IN FINDING ENTEROVIRUS INFECTIONS IN CFS
Despite previous negative studies, published or unpublished, from the USA on the infectious aetiology of CFS, 41 it is difficult to ignore the possibility of ''smouldering infections'' as the basis for this illness when patients consistently complain of continuing or cycling viral symptoms, some of which are the defining criteria for this elusive disorder. 1 During our study to determine the infectious aetiology in the first 200 patients with severe fatigue following flu-like illnesses, several commonly encountered infectious agents and unusual causes were diagnosed based on the details of the initial flu-like illness, if present, and epidemiological factors, critical reviewing of previous medical records and laboratory tests, repeated serological testing for enteroviruses, hepatitis viruses, Chlamydia pneumoniae, whole blood DNA testing for Epstein-Barr virus, HHV-6, and cytomegalovirus, and a convincing response to specific anti-infective treatment. 9 Rare patients had initial symptoms of infection and laboratory tests suggestive of acute Epstein-Barr virus, cytomegalovirus, or HHV-6 infection. Significantly raised neutralising antibody titres against six coxsackieviruses or five echoviruses were found in more than half of those patients who had initial respiratory and/or gastrointestinal tract infections, compared with 150 control subjects, consisting of patient's spouses or relatives and patients who visited the clinic on the same day for general medical conditions or other known infectious diseases not associated with fatigue. These antibody concentrations in patients with CFS were still raised more than 48 months after this observation.
''Despite previous negative studies on the infectious aetiology of chronic fatigue syndrome, it is difficult to ignore the possibility of smouldering infections as the basis for this illness when patients consistently complain of continuing or cycling viral symptoms''
However, the presence of high concentrations of neutralising antibody to enterovirus may only imply adequate humoral immunity to enterovirus. We looked for the presence of enteroviral RNA in the plasma and in the peripheral blood mononuclear cells (PBMC) of patients who had high titres of neutralising antibody to enteroviruses and/ or raised creatine phosphokinase. Using a nested reverse transcription (RT) PCR protocol with primers from the highly conserved 59 non-translated region, enteroviral RNA was detected in the PBMC of 16 of 23 seropositive patients and in none of the four controls; only two of 23 patients had detectable RNA in the plasma, although blood specimens were not processed for about 18 hours after collection. Three of the randomly selected samples of amplified cDNA were confirmed to be an enterovirus sequence. 42 A second laboratory also confirmed enteroviral RNA in the plasma/PBMC of patients using different primers and amplification conditions. 42 Four of 23 seropositive patients with CFS showed detectable RNA in the plasma; six of 22 PBMC specimens were positive, although the white cells were not harvested until 48 hours after phlebotomy. The sequences of four samples closely resembled that of coxsackievirus (97-99%), although some differences existed among the different cDNA samples. Three patients with strongly positive enteroviral RNA in their PBMC had no detectable neutralising antibody to the 11 enteroviruses tested, which suggested that infections could be caused by the other echoviruses or enteroviruses not identified by commercially available neutralising antibody tests.
Our laboratory extended these findings to a larger cohort of patients with CFS using a rapid, RT-PCR protocol, which used biotinylated primer and probe hybridisation. Blood specimens were processed within two to four hours of phlebotomy to avoid RNAse degradation, 43 because pilot experiments showed decrease yield when the blood samples were stored for more than six hours. Initially, amplified enteroviral RNA was found in 112 of 236 (48%) patients with CFS and nine of 118 (8%) controls (J Chia and A Chia. Louisiana, 2004) . In five of the severely ill patients more than 80% of their samples tested positive; and two patients were positive in all samples (table 1) . Two patients with extremely high antibody titres to CVB had detectable enteroviral RNA in only one of multiple samples. The reproducibility of the RT-PCR assay was variable, although a detection threshold of 80-800 copies/ml, using an enterovirus RNA standard, was achievable in most of the runs. To date, cell associated enteroviral RNA has been found in about 35% of 518 patients.
RT-PCR was repeated on 20 strongly positive enteroviral RNA samples with and without prior RNAse 1 digestion. RNAse 1 digestion did not affect the amplification of the RNA samples, although a single stranded enteroviral RNA standard was degraded by the enzyme (J Chia and A Chia. Detection of double-stranded RNA in the peripheral blood leukocytes of patients with the chronic fatigue syndrome. Abstract T-101. In: Program of the 104 th General Meeting for the American Society of Microbiology. New Orleans: Louisiana, 2004). This preliminary evidence suggested that the enteroviral RNA found in peripheral blood leucocytes might be double stranded, at least in the region of amplification. This finding from peripheral leucocytes confirmed the previous data on the presence of double stranded RNA in muscle biopsies of patients with CFS and in chronically infected mice. 22 
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EVIDENCE FROM ANTIVIRAL TREATMENT
Even though the above data confirmed the observations of others, [17] [18] [19] [20] [21] [22] [23] the importance of enteroviral RNA in human disease remains undefined. The results of antiviral treatment provided supportive evidence for the pathogenic role of RNA in patients with CFS. Interferon and Ribavirin were effective against CVB in carrier cultures and in a murine model of myocarditis. [44] [45] [46] Two previous, small studies have demonstrated the efficacy of interferon in patients with CFS, but the follow up was only three months and virological studies were not done. 47 48 Ten of our most symptomatic patients who had persistently high titres of neutralising antibody for CVB3 or CVB5 (> 1 : 640) were treated with Ribavirin 400 mg twice daily for four months. Seven patients had a significant improvement of fatigue and other flu-like symptoms while on Ribavirin, but relapsed one to two weeks after discontinuation. All seven patients had a fourfold or greater reduction of neutralising antibody while on treatment, but the values increased post-treatment when the patients relapsed. Enteroviral RNA was found in the PBMC of all seven patients and in two consecutive specimens for two of three patients, obtained two weeks apart, before the start of the interferon a and Ribavirin treatment. Enteroviral RNA became negative two to four weeks after the start of treatment. Fatigue did not improve during treatment probably because of the side effects of the interferon. After discontinuation of treatment, the patients felt much better for two to four months and antibody titres decreased and remained at ( 1 : 80. However, relapse occurred in four patients about four to five months post-treatment; the antibody titre increased to pretreatment values in all four patients and the enteroviral RNA became positive at least once in all of the patients who relapsed. 42 was treated with a combination of 3 million units interferon a and 2 million units interferon c, three times a week. The patient recorded her biweekly energy index before, during, and after interferon treatment ( fig 1A) . The patient returned to full time work two months after the treatment was completed. Enteroviral RNA remained negative until she had a transient symptomatic and virological relapse after vigorous exercise. Remission lasted about 14 months before the symptoms returned to the pretreatment baseline. The patient responded to an additional course of interferon treatment. A second patient had a similar symptomatic response along with a virological response and relapse with this combination treatment ( fig 1B) . To date, eight of 14 severely ill patients with detectable enteroviral RNA in their peripheral blood leucocytes have responded to the combination of interferon a and d; six of the 11 totally disabled patients returned to work on a half time or full time basis, but relapse still occurred in most patients after heavy exertion a few months later. No commercial funding is currently available for a placebo controlled study.
''To date, eight of 14 severely ill patients with detectable enteroviral RNA in their peripheral blood leucocytes have responded to the combination of interferon a and d''
Four patients with CFS and either persistently raised antibody titres for CVB or echoviruses and/or positive enteroviral RNA of the peripheral blood leucocytes were treated with Pleconaril, an anti-capsid agent specific for uncoating of enterovirus and rhinovirus, obtained through a compassionate use protocol of Viropharma Inc, Exton, Pennsylvania, USA. Three patients had no symptomatic improvement while on or after one week of drug treatment, at a dose of 400 mg three times a day, and there was no change of antibody titre after the treatment. One patient had a moderate symptomatic improvement while taking Pleconaril 200 mg three times a day for one month, along with a fourfold decrease of antibody titres for CVB4 and echoviruses 7 and 11. However, she relapsed about one month later, and did not respond to a further month of treatment. As of March 2004, the oral form of Pleconaril is no longer available for investigational use.
DISCUSSION
Taken together, these data suggest that enterovirus can initiate and perpetuate the immunological response often seen in patients with CFS. Smouldering viral infection of various cells of the body with continuous expression of double stranded RNA and viral antigens could result in a chronic inflammatory state in the local tissues and account for the diverse symptoms reported by these patients.
The mechanism of viral persistence reconciles the two seemingly opposing observations of the past two decades: absence of live virion in chronically infected patients and animals and the finding of enteroviral RNA in the blood or other tissues. The finding of double stranded RNA is consistent with the clinical symptoms of patients with CFS. Without forming double stranded RNA, our patients with HIV or hepatitis B/C infections are usually not symptomatic, even though the measurable viraemia often exceeds 10 4 -10 6 / ml. In contrast, patients with CFS and the presence of viral RNA in peripheral blood leucocytes or in tissues, but without true viraemia, have debilitating symptoms; the severity of the symptoms correlated with the frequency of finding enteroviral RNA in the peripheral blood leucocytes (J Chia and A Chia. Detection of double-stranded RNA in the peripheral blood leukocytes of patients with the chronic fatigue syndrome. Abstract T-101. In: Program of the 104 th General Meeting for the American Society of Microbiology. New Orleans: Louisiana, 2004). In most of the patients with CFS, the cyclic nature of low grade febrile illness and severe exacerbation after physical activity would be consistent with a cyclical pattern in the viral replicative activity.
It is probable that viral RNA found inside cells, in a stable double stranded form, can dissociate and replicate using viral RNA replicase; some of the positive strands, although restricted in replication, 51 are translated to viral proteins during active metabolic states (for instance, exercise), which subsequently 
All of the patients were bedridden most of the time. Energy indices 5 were consistently less than 2 on a 0-10 scale. The enteroviral RNA reverse transcription polymerase chain reaction/enzyme linked immunosorbent assay was performed as described previously. 49 The final optical density (OD) was measured and tabulated. ++, OD of 2 to >3; +, 1-1.9; ¡, 0.5-0.99; -, (0.49. The negative control was consistently (0.49. CSF, chronic fatigue syndrome; PBL, peripheral blood leucocytes.
perpetuates the immunological response, including but not limited to synthesis of specific neutralising antibody. Consistent with this hypothesis, a recent study on Sjögren's syndrome clearly detected enteroviral RNA and VP1 protein in minor salivary gland biopsies from these patients, but not in controls. 52 From the available data in the literature, however, it is not possible to exclude with complete certainty the possibility that a few virions are actually formed and sequestered in membrane vesicles within the infected human cells.
Among other immunostimulatory effects, double stranded RNA is a potent inducer of interferon synthesis, which activates intracellular RNase, with resultant degradation of excessive single stranded RNA. The finding of a higher level of RNase L activity in the mononuclear cells of patients with CFS is consistent with this paradigm. 53 54 However, enough positive and negative strands probably recombine to form stable double stranded RNAs, which are resistant to RNAse L inactivation, and the life cycle will start again when the pressure of the immune response decreases. Ironically, the continuing inflammatory response towards persistently infected cells/tissues to halt viral infection may be partially responsible for the difficulty in finding viral genomes in these patients, and may also be responsible for the symptoms.
Self replicating double stranded RNA molecules (replicons) have been well studied and are currently used as vectors for DNA vaccines and drug susceptibility assays. 55 56 Double stranded RNAs can be extremely potent adjuvants for immune responses or, alternatively, these molecules with certain sequences may silence our genes by blocking our mRNA, 57 although the evidence for this last mechanism is not yet available for CFS.
''Ironically, the continuing inflammatory response towards persistently infected cells/tissues to halt viral infection may be partially responsible for the difficulty in finding viral genomes in these patients, and may also be responsible for the symptoms''
The paradox remains, however, that despite an ongoing immune response, these viral RNA infected cells are not eradicated. It is possible that viruses hide in long living, immunologically privileged cells, including but not limited to, macrophages, muscles, myocardial cells, and neurones, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] although these cells are unable to produce much live viruses, perhaps, in part, because of the pressure from local interferon and high concentrations of neutralising antibody-a form of cryptic infection. Viral antigen has been identified in tissues by virus specific monoclonal antibodies but positive staining did not allow the differentiation between membrane bound viral proteins and sequestered virions. 58 59 Persistent infection of B cells and monocytes/macrophages, the cells initially responsible for the uptake/transport of virus, has been well described for other intracellular pathogens. 60 Recently, we have found enteroviral RNA in the bone marrow samples of two patients with CFS and cyclic neutropenia (JK Chia, unpublished observation, 2004), suggesting that stem cells in the bone marrow could be a source of ongoing viral infection, as reported in animal models of enteroviral infection. Figure 1 Clinical and virological response to combination treatment with interferon a and interferon c. Biweekly energy level, the sum of daily energy index (0-10) for two weeks, was recorded by two patients (A, B) before, during, and after a one month treatment with interferon a (Pegasys 180 mg; once/week) and interferon c (100 mg; three times/ week). An enteroviral RNA assay of the peripheral blood leucocytes were performed before, during, and after the treatment, and expressed as + or 2 on the top of the graph. The arrow indicates vigorous exercise after treatment. The graphs show clearance of circulating viral RNA after antiviral treatment, and an association between vigorous exercise, reappearance of circulating viral RNA, and decreased energy. N Interferon a and c act synergistically against enterovirus in vitro, and preliminary studies suggest that this combination may be an effective treatment for patients with chronic enteroviral infection Thus, renewed interest is needed to study further the role of enterovirus as the causative agent of CFS. Many aspects of this research need to be addressed but there are three urgent priorities. (1) To overcome the technical difficulties associated with the enteroviral RNA detection assay, because a reliable and reproducible measurement of cell associated viral RNA will provide a marker for antiviral treatment and provide conclusive evidence of chronic infection. (2) To perform a proof of concept, randomised, double blinded, placebo controlled clinical trial investigating the efficacy of the combination of interferon a and c. (3) To develop inhibitors for viral RNA replicase, the main mechanism for RNA replication, which allows the persistence of the viral genome in infected cells. In the future, a well designed, randomised, controlled trial of antiviral treatment will ultimately provide crucial information on the pathogenic role of enterovirus in patients with CFS and other chronic diseases.
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